We study the performances of several computationally efficient and simple techniques for estimating direction of arrival (DOA) of an underwater acoustic source using a single acoustic vector sensor (AVS) in shallow water. Underwater AVS is a compact device, which consists of one hydrophone and three accelerometers in a packaged form, measuring scalar pressure and threedimensional acceleration simultaneously at a single position. A very controlled experimental setup is prepared to test how well-known techniques, namely, arctan-based, intensity-based, time domain beamforming, and frequency domain beamforming methods, perform in estimating DOA of a source in different circumstances. Experimental results reveal that for almost all cases beamforming techniques perform best. Moreover, arctan-based method, which is the simplest of all, provides satisfactory results for practical purposes.
Introduction
This paper studies and compares the performarnces of several direction of arrival (DOA) estimation techniques using a single acoustic vector sensor (AVS) in shallow water. Formed by a hydrophone and three accelerometers, an AVS measures scalar acoustic pressure and vectorial acoustic particle acceleration at a location in space [1] . Pressure data is generally used as a phase reference to avoid sign ambiguity. Recent advances in AVS technology and DOA estimation techniques have enabled the usage of AVS devices in a wide range of real-time applications such as target localization [2] , underwater defense [3] , diver detection [4] , underwater acoustic communication [5] , and pipeline protection [6] .
Beamforming results obtained with a single AVS and with a 16-element AVS array are compared in [7] . The focus of this work is to study the directional frequency analysis and recording (DIFAR) approach. An array of AVS devices is used to achieve DOA estimation and localization via acoustic pressure and acoustic particle velocity information [8] . Explicit expressions are derived for estimation errors for a multi-AVS model. Similarly, in [9] , lower and upper performance bounds are studied for a complicated particle filtering approach to estimate two-dimensional DOA at an AVS. Analytical models are developed for source movement. Particle filtering techniques are also used for the removal of ambiguities related to the direction of an acoustic target on an AVS array [10] . In [11] , the authors propose an algorithm which is based on angular diversity of incident acoustic waves on a three-dimensional AVS array. The algorithm exploits ESPRIT (Estimation of Signal Parameters via Rotational Invariance Techniques) and MUSIC (MUltiple SIgnal Classification) techniques for DOA estimation through velocity hydrophones and a pressure hydrophone. In [12] , an adaptive recursive least-squares (RLS) method is used with an AVS, assuming that there is no multipath fading or acoustic interference. The solution requires a priori knowledge of incident signal power, source movement, and noise power. The DOA estimation algorithm in [13] makes use of subspace characteristics of the time variant covariance matrices of the uncorrelated quasi-stationary source signals. The model proposed in [14] aims at reducing memory requirements 2 Journal of Sensors and computational cost of MUSIC-like algorithms used for AVS arrays. A data covariance model is proposed, and its outcomes for signal subspace estimation are investigated with numerical simulations. Another work [15] that focuses on avoiding the high computational cost of MUSIC algorithm obtains initial DOA estimations from the signal subspace and uses successive searches to achieve the DOA from an AVS array. The theoretical analysis in [16] shows that directional ambiguity problem occurring in DOA estimation results can be solved by using cross covariance matrices found in linear AVS array apertures. In order to detect the DOA of acoustic sources using an AVS array, a novel sensor array model is introduced in [17] . The model is based on higher-dimensional second-order statistics of received data at sensors.
Research efforts on DOA estimation using AVS are based on theoretical assumptions, without real measurement data. Studies based on experimental data are rarely found in AVS literature. In [1] , pressure and acceleration outputs of an AVS are used to accomplish beamforming. Outputs of an AVS are used to estimate acoustic intensity vector, whose unit vector provides a DOA estimate for the acoustic source. The outputs are linearly combined to achieve spatial filtering, and the theory is validated through experimental results at Seneca Lake. Signal processing theory of AVS devices can also be used in public surveillance systems, as discussed in [18] . A method for automatic determination of position of speech signals and impulse sounds is presented. The events are detected in the presence of sound reflections employing acoustic vector sensors. The method for detection of acoustic events is found to be adequate for identifying sound sources inside auditory halls. Performed with a four-element vertical AVS array, the Makai experiment [19] provides valuable results in terms of DOA estimation, spatial filtering capabilities, and effects of parameters such as source range, depth, and seabed conditions. Conventional pressure-dependent estimation methods are extended to include particle velocity. Estimation performance is improved by a directivity factor that enhances side lobe reduction, demonstrating the advantage of using an AVS array over an array of hydrophones. The study in [20] aims at estimating the direction, range, and depth of an acoustic source with a single AVS, assuming that the environmental conditions of the channel are known. The proposed method is tested using simulated data and is further applied to experimental data from the Makai experiment, where 8-14 kHz chirp signals were acquired by a vector sensor array [19] . The azimuth and elevation of echoes arriving on the AVS are estimated from particle velocity components using a least-squares algorithm.
Studies on AVS signal processing theory are mostly related to DOA estimation; however, they are not well suited for the unique features of real-time applications. The theoretical studies work on complex algorithms with demanding implementation, memory, and processing requirements. The results are based on assumptions or channel information based on hypothesis or theory rather than real measurement data. Moreover, some experimental studies using AVS provide very limited information regarding the performance comparison of different DOA estimation approaches. There are only a few studies on DOA estimation in an underwater environment [1, 7, 19, 20] . Still, these studies present experimental data confined to the performance of a specific DOA estimation method applied on AVS arrays rather than a single AVS.
In order to meet the requirements of real-time systems which can be used in public or mission-critical applications, DOA estimation algorithms should be computationally efficient. Since digital signal processing hardware is practically limited in size, capacity, and cost, the performances of DOA algorithms must be investigated and compared using experimental data.
The objective of this study is to investigate and compare the performances of computationally efficient and relatively simple DOA estimation algorithms, namely, -based method, intensity-based (IB) technique, time domain beamforming (TDBF), and frequency domain beamforming (FDBF), in a shallow water environment. These algorithms are selected according to our previous analysis [21] in which we compare the performances of DOA estimation techniques for a single underwater AVS under the effects of various error sources such as imperfect sensitivity patterns and ambient noise.
A very controlled experimental setup is prepared at the open water test-calibration facility of METEKSAN Savunma San. A. S. at Bilkent Pond. This paper presents the DOA estimation results of the mentioned techniques using a data set acquired during a series of experiments held in July 2014. HAARI VHS-90 [22] AVS is used in the experiments. The VHS-90 AVS provides a minimum sensitivity of −200 dB re Pa between 100 and 4000 Hz. Its pressure sensitivity pattern is omnidirectional. The acceleration sensitivity on each axis shows a lateral rejection of at least 25 dB against other orthogonal axes. A GeoSpectrum M21 [23] projector is used as the acoustic source, transmitting a continuous sine wave at 4 kHz from a distance of 5 m. Both the source and the AVS are submerged to a depth of 5 m, where the water depth is around 10 m. It is important to note that multipath echoes affect DOA estimation performance adversely in such a shallow water environment [24] . Experimental results reveal that for almost all cases beamforming techniques perform best. Moreover, arctan-based method, which is the simplest of all, provides satisfactory results for practical purposes.
To sum up, the major contributions of this work can be itemized as follows.
(1) This paper studies the performances of several efficient DOA estimation techniques applied to real AVS measurements in shallow water. The experiments are challenging due to several reasons: (i) DOA estimation is performed with a single AVS instead of an array and (ii) the considered underwater environment brings acoustic propagation effects such as multipath disturbance, making it difficult to estimate DOA. To the best of our knowledge, this work is the first one in the literature in this respect.
(2) In addition to the theoretical discussion on DOA estimation algorithms, the paper presents real measurement data and practical performance results, which are very rare in AVS literature. The rest of the paper is organized as follows. Section 2 explains the theoretical framework for signal processing at an AVS. The DOA estimation algorithms used in our experiments are described in Section 3. The experimental setup, including the measurement environment and equipment, is presented in Section 4. Measured data and DOA estimation results are discussed. Section 5 concludes the paper.
Sensor Model
Throughout this study, we assume the far field condition holds, stating that the maximum wavelength is much smaller than the distance between the source and the AVS. In addition to the far field condition, the transmitter can be assumed to be a point source, since its dimensions are small compared to the acoustic wavelength. Thus, as shown in Figure 1 , the wavefront incident on the AVS can be considered as planar. The AVS is located at the origin. At any time , it measures the pressure, ( ), and the orthogonal components of acoustic particle acceleration, ( ), ( ), and ( ).
The unit vector pointing towards the acoustic source is shown by
where and denote the azimuth and elevation angles of u, respectively. As discussed in [25] , the acoustic pressure generated by a transmission at a frequency is given by
at a point r = [ ] in space. Here, the acoustic wave vector −k = ‖k‖u is defined to point from the origin towards the acoustic source, and ‖k‖ = 2 / is the wave number. The amplitude of the acoustic wave pressure is represented by . The pressure is related to the acoustic particle velocity vector through
where is the density of the underwater medium and is the speed of sound in the medium [8] . The acceleration vector is obtained by [1] a (r, ) = k (r, ) .
The projection of a on each axis is measured by the accelerometers placed orthogonally on the axes.
DOA Estimation Algorithms
The performances of computationally efficient and relatively simple DOA estimation algorithms, namely, arctanbased method, intensity-based (IB) technique, time domain beamforming (TDBF), and frequency domain beamforming (FDBF), are investigated. The discussion in [21] presents a detailed theoretical comparison of these algorithms for a single AVS with error sources such as imperfect sensitivity patterns and ambient noise. In this study, the algorithms are analyzed and compared using practical measurement data obtained in our shallow water experiments at Bilkent Pond.
Arctan-Based Technique.
The simplest method to estimate the DOA of an acoustic signal is the arctan-based technique, which relies only on acceleration information and does not make use of the acoustic intensity on the AVS. Hence, the DOA for acoustic waves on plane in Figure 1 can be estimated aŝ
using the and components of the acceleration vector obtained through (1)- (4). Here, represents the number of samples used for estimation and shows the sampling period.
Intensity-Based (IB)
Technique. The intensity-based technique uses the acoustic pressure incident on the AVS, as well as the acceleration vector. At time , the acoustic intensity at a point r is expressed by the product of pressure and particle velocity [1] : Acceleration and velocity vectors are related through (4). In order to use acceleration and pressure data together for DOA estimation, we use
where = / [1] . To increase the signal-to-noise ratio (SNR), the IB technique uses a number of samples, constructing
where is the number of samples taken with a sampling period . Consequently, the DOA estimate for acoustic waves along the plane can now be obtained bŷ
Beamforming Techniques.
Beamforming techniques rely on pressure data as well as accelerometer measurements. Using (r, ) and a(r, ) given in (7), these measurements are multiplied by different weights to shape the resulting beams. Assuming that digital data samples are obtained with the abovementioned sampling period for a location r, the discrete-time output signal constructed with time domain beamforming (TDBF) is
where 0 , 1 , 2 , and 3 are the angular weights of the corresponding intensities and 0 , 1 , 2 , and 3 are the temporal shifts depending on beam direction [1] . (DFT) of (10) over samples at each angle, obtaining the following frequency domain signal expression:
where [ ] is given by
Summing and A with different weights result in different beam patterns.
In this work, we use a beam shape that gives the optimum null placements (ONP), as described in [1] . To achieve ONP in the constructed beam, the weights in (10) can be calculated as
where and are steering angles for azimuth and elevation, respectively, in accordance with Figure 1 .
The ONP beam shape does not yield the maximum array gain (MAG). However, the MAG beam is more focused in the direction of reception but tends to yield a lobe in the opposite direction [1] . In low-SNR cases, this reverse lobe may lead to sign ambiguity in azimuth estimation. To get rid of the sign ambiguity, the ONP shape, which has a wider beam width without the reverse lobe, is used in our study. The undesired lobe is avoided with zero phase shift, that is, 0 = 1 = 2 = 3 = 0, and by taking 0 = 1 = 2 = 3 = 1 [1] . These beam shapes are shown in Figure 2 , where it is assumed that = 90 ∘ , = 0 ∘ , and = 90 ∘ ; that is, there is a plane wave traveling along the -axis towards the AVS at the origin.
Experimental Setup and Results
A very controlled experimental setup is prepared at the open water test and calibration facility of METEKSAN Savunma Sanayii A. S. at Bilkent Pond, as shown in Figure 3 . The pond is approximately 300 m long by 100 m wide, and the measurement structure, which is presented in Figure 4 , is placed at a distance of 50 m to the shore. Water depth below the structure is around 10 m. The bottom type is mud in general. Regarding the adverse effects of surface multipath echoes in shallow water [24] , the measurement environment is challenging in evaluating the performances of DOA estimation algorithms. This paper presents the DOA estimation results of the algorithms using a data set acquired during a series of experiments that took place in July 2014.
As illustrated in Figure 5 , both the acoustic source and the AVS are suspended off the measurement structure at 5 m depth. Since they are at the same depth, we are dealing with the azimuthal DOA estimation of . The source is a Journal of Sensors GeoSpectrum M21 [23] projector. It transmits a continuous 4 kHz sinusoidal wave at a range of 5 m from the AVS. The projector transmits at a source level of 160 dB re at 1 m. The AVS is a HAARI VHS-90 [22] , which provides a minimum sensitivity of −200 dB re Pa between 100 and 4000 Hz. Its pressure sensitivity pattern is omnidirectional. The acceleration sensitivity behavior on each axis offers a lateral rejection ratio of 25 dB or more against the other two orthogonal axes. Figure 6 shows the AVS mounted at the measurement structure at the pond. In accordance with Figure 1 , the AVS is rotated 90 ∘ such that = 0 ∘ corresponds to the source being along the -axis, and -axis faces the source at = 90 ∘ . In this experiment, a data acquisition unit developed by METEKSAN Savunma Sanayii A. S. is used to acquire data from the AVS. Only four channels of the data acquisition unit are used. Three channels carry , , and data. The other channel is used for acquiring pressure measurement result.
The electronics unit is capable of sampling 8 analog channels simultaneously at a sampling rate of 120 ksps with an output resolution of 24 bits/channel, yielding 2880 kbps. The functionality of the unit is provided through an electronics card, where the incoming analog signal is first amplified and filtered by an analog processing stage. The amplified signal is then converted into digital domain via a 24-bit A/D converter. Then, the converted digital data is put into the Ethernet packet format at an FPGA, and finally it is sent to the PC terminal through an Ethernet connection. It is also possible to control the 3-bit programmable gain amplifiers (PGA) on acquisition units. The gain factor of the acquisition unit can be adjusted to a level of 40 dB in 8 steps.
All AVS data transferred through Ethernet is collected by a custom PC application that allows user to start/stop data capture and save the data on computer disk. This application can broadcast synchronization commands to all connected acquisition units so that all sampling operations on these devices start at the same clock instance. This feature makes synchronous sampling possible on all sampling channels, whether they are on the same unit or not. The PC application can also display data for multiple channels simultaneously. It is possible to show the high resolution spectra of selected channels, which are computed through zero-padded zerophase 32768-point FFT around Blackman window. The objective of the measurements is to compare the performances of computationally efficient, easy to implement, and relatively simple two-dimensional DOA estimation algorithms, namely, arctan-based, IB, TDBF, and FDBF techniques. Figures 7-10 show the measurement results and errors as well as measurement data for several directions between = 0 ∘ and = 90 ∘ . In almost all measurements, TDBF and FDBF techniques perform better than the other algorithms. Due to a technical problem in the data acquisition system, we failed to retrieve pressure data successfully for = 90 ∘ (Figure 10(b) ). We intentionally included this case to show how the performances of the mentioned techniques are affected. In such problematic cases, the IB algorithm, which depends on pressure as well as acceleration data, performs poorly when compared to the other DOA estimation methods. Although the arctan-based method is the simplest of the four investigated algorithms, it generally offers satisfactory estimation performance for practical applications. Even when pressure data is not obtained successfully, beamforming techniques yield the best estimation results due to their frequency selectivity and angular directivity.
Conclusions
This paper presents and compares performances of arctanbased, intensity-based, time domain beamforming, and frequency domain beamforming methods in estimating the DOA of an underwater acoustic source using a single AVS in shallow water. For this purpose, an experimental setup is configured and real measurement results are collected at the open water test and calibration facility of METEKSAN Savunma Sanayii A. S. at Bilkent Pond. In shallow water, it is known that the propagation is dominated by multipath echoes which degrade DOA estimation performance. The paper presents real measurement data and practical performance results, which are infrequent in the literature. Experimental results show that beamforming techniques perform better than arctan-based and intensity-based methods. It is observed that the simplest approach, arctan-based technique, provides satisfactory performance. The comparison provides a valuable insight for the design and performance of practical AVSbased systems, where computationally simple and resourceefficient DOA estimation techniques are required. 
